The genus Cuscuta (dodder) is composed of parasitic plants, some species of which appear to be losing the ability to photosynthesize. A molecular phylogeny was constructed using 15 species of Cuscuta in order to assess whether changes in photosynthetic ability and alterations in structure of the plastid genome relate to phylogenetic position within the genus. The molecular phylogeny provides evidence for four major clades within Cuscuta. Although DNA blot analysis showed that Cuscuta species have smaller plastid genomes than tobacco, and that plastome size varied significantly even within one Cuscuta clade, dot blot analysis indicated that the dodders possess homologous sequence to 101 genes from the tobacco plastome. Evidence is provided for significant rates of DNA transfer from plastid to nucleus in Cuscuta. Size and structure of Cuscuta plastid genomes, as well as photosynthetic ability, appear to vary independently of position within the phylogeny, thus supporting the hypothesis that within Cuscuta photosynthetic ability and organization of the plastid genome are changing in an unco-ordinated manner.
Introduction
Parasitic plants are geographically widespread, occupying all major ecosystems on the planet (Press and Graves, 1995) . Although the evolution of parasitism demands complex metabolic, developmental, and anatomical adaptations, parasitism has evolved at least 10 times within the angiosperms, and is found in approximately 4000 plant species among 22 families (Nickrent et al., 1998) . Some parasitic plants, particularly those in the Scrophulariaceae, are economically important weeds, causing dramatic losses in crop yield (Stewart and Press, 1990; Parker and Riches, 1993) . All parasitic plants penetrate the tissue of their host, developing feeding structures known as haustoria that allow rapid removal of solutes (Hibberd and Jeschke, 2001 ), but species differ in the type and amount of solutes that they remove. Some such as Striga feed on the host xylem (Dörr, 1996) , whilst others, for example members of Cuscuta and Orobanche, are highly specialized phloem feeders (Jeschke et al., 1994; Hibberd et al., 1999) . The degree to which different parasitic species rely on a host plant also varies, with, for example, some species of Striga and Orobanche being obligate parasites (Stewart and Press, 1990) , while members of the Rhinanthus genus are facultative parasites and can survive without a host (Seel and Jeschke, 1999) .
In some species of parasitic plant, the ability to obtain sugars from a host is believed to have led to decreased selection pressures on retaining functional photosynthetic apparatus, and this is reflected in both reduced ability to photosynthesize and alterations to the structure of the plastid genome. For example, Epifagus virginiana a root parasite on beech (Fagus sylvatica), is achlorophyllous and therefore non-photosynthetic. The plastid genome of E. virginana has been fully sequenced and is 70 kbp, only 45% the size of the tobacco chloroplast genome (dePamphlis and Palmer, 1990; Wolfe et al., 1992) . The plastid genome of E. virginana still retains two inverted repeats (IRs) separating a large single copy (LSC) and a small single copy (SSC) region of the genome, but photosynthesis genes normally present in chloroplast genomes of higher plants have been lost (dePamphlis and Palmer, 1990; Wolfe et al., 1992) . The 42 genes that do remain in the plastome of E. virginiana encode specific components needed for plastid gene expression (Wolfe et al., 1992) .
In other less well-studied parasitic plants, there is also evidence that the plastid genome is reduced in size, and some photosynthesis genes are now pseudogenes. For example, Lathraea clandestina possesses a pseudogene for atpB (Delavaut et al., 1995) , while the size of the plastid genome in Orobanche hedera has been estimated to be half that of tobacco, and some photosynthesis genes are absent or truncated (Thalouarn et al., 1994) . Overall, these studies show that in non-photosynthetic parasitic plants, there are often large-scale alterations to the structure of the plastid genome.
While Epifagus and Orobanche totally lack chlorophyll and therefore photosynthetic ability, there are some genera of parasitic plants that appear to be in the process of losing the ability to photosynthesize. Among these, Cuscuta contains at least 158 species that no longer possess leaves, but their stems twine around host plants producing numerous haustoria to obtain nutrients. There is evidence that the stems of different Cuscuta species photosynthesize to varying degrees (Machado and Zetsche, 1990; Hibberd et al., 1998; Sherman et al., 1999; Van der Kooij et al., 2000) , and that the plastid genome is becoming reorganized (Haberhausen et al., 1992; Bommer et al., 1993; Haberhausen and Zetsche, 1994) . The size of the plastid genome in Cuscuta species appears to relate to ability to photosynthesize, with photosynthetic species possessing larger plastomes than non-photosynthetic species (Berg et al., 2003) . In addition, in some Cuscuta species genes for the plastid encoded polymerase have been lost, and as a consequence, motifs recognized by the nuclear encoded polymerase are present in the promoters of plastid encoded photosynthesis genes (Berg et al., 2004) . However, to date, neither the extent to which loss of photosynthetic ability nor alterations in structure of the plastid genome, have been related to the phylogenetic position of each Cuscuta species within the genus. For example, it is possible that in some clades of Cuscuta, photosynthesis is being lost more rapidly than in others. In order to relate photosynthetic ability to alterations in the plastid genome as well as phylogenetic position within this group, photosynthetic parameters and the size and structure of the plastid genome have been investigated, and a molecular phylogeny for 15 species of Cuscuta has been constructed.
Materials and methods

Plant growth
Seeds of each Cuscuta species were surface-sterilized in 70% (v/v) ethanol, followed by 10% (v/v) sodium hypochlorite and then washed in distilled water. Seeds were then dried in a sterile Petri dish, and the testa carefully scarified and incubated for 5 d at 20 8C. Ten days after germination seedlings were placed in contact with a host plant (either Ricinus communis, Trifolium repens, or Coleus blumei), allowed to attach, and then grown for at least 4 weeks in a glasshouse with supplementary lighting providing a photon flux density (PFD) of at least 150 lmol m ÿ2 s ÿ1 with a 16 h photoperiod. Day and night temperatures were maintained at 21 8C and 16 8C, respectively. Seeds of C. australis, C. cephalanthi, C. gronovii, and C. indecora were provided by Dr R Bungard, Department of Plant and Animal Sciences, Sheffield University, UK; C. chinensis, C. compacta, C. epilinum, C. lupuliformis, C. monogyna, C. palaestina, and C. planiflora by Dr MA García, Real Jardín Botánico, Madrid, Spain; C. epithymum from Herbiseed Co., Suffolk, UK; C. pentagona by Dr T Sherman, Department of Biological Sciences, University of South Alabama, USA; and C. europaea by Dr T Upson, Botanical Gardens, University of Cambridge, UK.
DNA extraction and DNA blot analysis Stem tissue from each species was frozen in liquid nitrogen and then stored at ÿ80 8C. Total cellular DNA was extracted using a Nucleon Phyto-Pure kit (Amersham Life Sciences, Piscataway, USA) and resuspended in 10 mM TRIS-EDTA, pH 8.0 (KOH). 500 ng of total cellular DNA from N. tabacum, Convolvulus arvensis, and C. reflexa, C. epithymum, C. australis, C. pentagona, and C. epilinum, were digested to completion with the endonuclease HindIII (Roche Molecular Biochemicals, Mannheim, Germany), electrophoresed through an agarose gel, and then immobilized on Gene ScreenPlus membrane (NEN Life Science research products, Boston, USA) following Maniatis et al. (1989) .
A set of 13 plasmids containing BamHI fragments were used to generate probes that covered the entire tobacco chloroplast genome (Suguira et al., 1986) . Probes were radiolabelled with a32-dATP using the High Prime kit (Roche), purified using MicroSpin columns (Amersham Pharmacia, Bucks., UK) and allowed to hybridize to membranes at 65 8C overnight. Membranes were washed twice in 23 SSC, 1% SDS at room temperature for 5 min, then twice in 23 SSC, 1.0% SDS at 60 8C for 30 min and finally in 0.13 SSC at room temperature for 30 min. After these washes, membranes were then sealed in cling film and exposed to X-ray film (Kodak, UK) or a storage phosphor cassette (Molecular Dynamics, Amersham Pharmacia, Bucks., UK). The storage phosphor cassette was scanned using a Typhoon 8600 Variable Mode Imager (Molecular Dynamics, Amersham Pharmacia, Bucks., UK).
Dot blot analysis of plastid gene content and transfer of plastid genes to the nucleus Partial coding sequences from 101 genes of the N. tabacum chloroplast genome were amplified using gene-specific primers. 500 ng of each gene product were blotted onto a Gene ScreenPlus hybridization transfer membrane using a 96-well dot blot hybridization manifold. The membrane was preincubated at 65 8C in 10 ml hybridization buffer for 2 h prior to the addition of 1 lg radiolabelled total cellular DNA from each species. The same dot blots were used to assess whether any plastid genes had transferred to, and were transcribed in the nucleus. This was achieved by generating radiolabelled cDNA from 10 lg of total RNA using a32-dATP, oligo dT primers, and M-MLV reverse transcriptase. Membranes were washed, and hybridizations assessed as above using the Typhoon 8600 Variable Mode Imager.
PCR amplification protocols and phylogenetic analysis
For phylogenetic analysis, PCR amplification of DNA was performed using the following primer pairs: 18SE and 26SE (Sun et al., 1994) to amplify the internal transcribed spacer (ITS) between 18S and 26S nuclear rDNA; A50272 and B49873 (Taberlet et al., 1991) to amplify the intergenic spacer between the trnL (UAA) 39 exon and trnF (GAA); A49855 and B49317 (Taberlet et al., 1991) to amplify the trnL intron; and RH1 and Z1352R (Zurawski and Clegg, 1987) to amplify a partial rbcL coding sequence.
DNA sequences were edited and analysed using Seq-Ed (Applied Biosciences, England, UK). Multiple sequence alignments and base similarity plots were generated using Genetics Computer Group (GCG, Wisconsin, USA). Phylogenetic analyses were performed using the Phylogenetic Analysis Using Parsimony (PAUP) software. 1000 replicates were used for Bootstrap analysis, and gaps introduced during the alignments were treated as missing data. Analyses were constructed based upon the maximum parsimony criterion whereby the optimal tree or trees are those that have the shortest length for a particular data set. Full heuristic searches were conducted using simple taxon stepwise addition and tree bisection/ reconnection (TBR) branch swapping. Trees were optimized using the procedure ACCTRAN which ACCelerates the evolutionary TRANsformation of a character and therefore pushes this character towards the root of the tree, thus favouring evolutionary reversals over parralelisms when either are equally parsimonious. The MUL-TREES criteria was selected in order to save the five shortest trees at each step, and 1000 replicates were performed, and the shortest tree produced was chosen. Estimates of reliability for groups were obtained by performing bootstrap support analyses (Felsenstein, 1985) , using the same criteria as above.
Measurements of photosynthetic parameters
For analysis of chlorophyll content, stem sections of each species of Cuscuta as well as Convolvulus arvensis were weighed and chlorophyll was extracted in 96% (v/v) ethanol. Chlorophyll content was determined after Lichtenthaler and Wellburn (1983) .
Chlorophyll fluorescence was measured using a pulse-modulated light fluorimeter (FMS2, Hansatech, Kings Lynn, UK). Analysis was performed on the first 50 mm of stem behind the apex while the Cuscuta species were still attached to the host plant after Hibberd et al. (1998) . Chlorophyll fluorescence quenching parameters were calculated after Maxwell and Johnson (2000) . The rate of CO 2 uptake by Cuscuta species was measured at 360 lmol CO 2 mol ÿ1 , using an infra-red gas analysis (IRGA) system (Ciras-1, PP Systems, Herts., UK). Analysis was performed while parasites were still attached to their host. Relative humidity was set at 65% and the temperature was maintained at 20 8C. Rates of photosynthesis were calculated according to von Caemmerer and Farquhar (1981) .
Results
A molecular phylogeny for 15 species of Cuscuta
To provide maximum phylogenetic resolution, a molecular phylogeny of 15 Cuscuta species was constructed using the internal transcribed spacer between 18S and 26S nuclear rDNA, the intergenic spacer between the chloroplastic trnL 39 exon and trnF, the intron of the chloroplast trnL gene, and a partial coding sequence of the chloroplast rbcL gene. These combined nuclear and chloroplastic regions represented 2758 positions, of which 44% were phylogenetically informative and allowed a strongly supported molecular phylogeny with high boot strap values for each node to be produced (Fig. 1A) . The only exception was a weakly supported clade proposed to include C. monogyna, C. reflexa, C. lupuliformis, otherwise, bootstrap values for each clade ranged from 97% to 100%. This analysis allowed phylogenetic relationships amongst these dodders to be proposed (Fig. 1B) , and indicated that the species of Cuscuta included in this analysis can be partitioned into four major clades. The most basal clade containing C. lupuliformis, C. reflexa, and C. monogyna has undergone the fewest speciation events (Fig. 1B) and the group containing C. australis, C. epithymum, C. indecora, and C. epilinum has been subject to the greatest extent of evolutionary change (Fig. 1B) . This sequence data has all been deposited in Genbank.
Inferred variation in amino acids within the large subunit of Rubsico
The sequence information collected for each rbcL coding region was used to infer the amino acid sequence of part Yuncker (1932) are indicated on the right. In both cases tobacco was used as an outgroup. Phylogenies were generated using PAUP and each depicts one of 1000 most parsimonious trees.
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of the large subunit of Rubisco for each species. This allowed conservation of the large subunit of Rubisco within the 15 species of Cuscuta to be assessed. The first amino acid presented in this study corresponds to the 10th amino acid of the tobacco large subunit of Rubisco (Shinozaki and Suguira, 1982) and the last the 454th amino acid. The amino acid sequence of the Rubisco large subunit in each Cuscuta species was, in general, highly conserved: alterations to amino acid sequence of the active site of Rubisco were not detected (data not shown). The number of alterations in amino acids from the 15 species ranged between 3 and 33 within the region of the rbcL gene that was sequenced. Interestingly, rbcL in the 15 Cuscuta species is becoming more AT-rich than rbcL of tobacco and Convolvulus: AT content was, on average, 58% in the Cuscuta species compared with 55% in Convolvulus arvensis.
Estimated size of plastid genomes and gene content within the dodders Fourteen BamHI fragments from the tobacco chloroplast genome (Suguira et al., 1986) were used to probe total cellular DNA from five species of Cuscuta (Fig. 2) . Three species (C. australis, C. epilinum, and C. epithymum) were used from the most rapidly evolving clade, one from the most basal clade (C. reflexa) and C. pentagona from an intermediate clade. Because C. arvensis is more closely related to the dodders than is tobacco, C. arvensis was also used as a control. This DNA blot analysis allowed the size of sections of the plastid genome in C. arvensis and five species of Cuscuta to be estimated ( Table 1 ) and indicated that there were differences in plastid genome structure in each species (Fig. 2) . By combining all of this information, the total plastome size, and the relative sizes of the LSC, SSC, and IRs were estimated (Fig. 3) . All visible bands on the blots were included in this analysis, and because some of the weaker bands may represent plastid DNA that has transferred to the nucleus, this approach estimates the largest likely size of each plastid genome. The plastome of C. arvensis appears to be larger than that of tobacco (186 kbp compared with 156 kbp), but all five species of Cuscuta have smaller plastid genomes than both C. arvensis and tobacco. C. reflexa appears to possess the largest plastid genome (65% the size of C. arvensis and estimated to be 122 kbp), and C. australis Fig. 2 . DNA blot analysis of plastid DNA from five species of Cuscuta, tobacco, and Convolvulus arvensis. Total DNA from tobacco (A), Convolvulus arvensis (B), Cuscuta reflexa (C), Cuscuta epithymum (D), Cuscuta australis (E), Cuscuta pentagona (F), and Cuscuta epilinum (G) were digested with HindIII and separated by agarose gel electrophoresis, transferred to nylon membrane and then probed with fragments of the tobacco plastid genome. These tobacco BamHI fragments cover the entire tobacco plastome, and are labelled according to the nomenclature of Suguira et al. (1986) . pTBa25 was divided into two fragments, pTBa25a containing Ba15-26c and Ba10a, and pTBa25b containing Ba4a and Ba4b. the smallest (43% the size of C. arvensis and estimated to be 80 kbp). Plastid genome size varied significantly (from 43% to 57% that of C. arvensis) even within the three species (C. australis, C. epilinum, and C. epithymum) from the fastest evolving clade (Fig. 3) .
Similar regions of the LSC, SSC, and IRs appear to have been lost from the plastome in the different Cuscuta species. For example, the size of the LSC from these five Cuscuta species was either reduced by 32% or 49%. In addition, the size of the IRs was reduced by 20%, 50%, or 69% compared with C. arvensis, and the SSC was reduced to 5 kbp in C. reflexa and C. epilinum, and 14 kbp in C. pentagona, C. epithymum, and C. australis (Fig. 3) . The limited variation in the size of each region of the plastid genomes from Cuscuta does not appear to relate to phylogenetic position determined from sequencing. For example, C. epilinum, C. epithymum, and C. australis are all positioned within the same clade, and yet they possess all the sizes of the LSC, SSC, and IRs that were detected.
The gene content of the Cuscuta plastid genomes was investigated by generating probes for 101 genes from the tobacco plastid genome, and immobilizing these on nylon membranes prior to challenging them with total cellular DNA isolated from C. reflexa. Hybridization to all 101 probes was apparent, indicating the presence of homologous DNA fragments in C. reflexa to each gene from tobacco (Fig. 4) although there was variation in the extent to which hybridization occurred. For example, there was very clear hybridization between atpF, psaA, rpl23, rbcL, and accD from tobacco and total DNA from C. reflexa, whereas there was low hybridization to rps16, psbK, psbF, and psaC (Fig. 4) . However, in all cases, there was more hybridization between the tobacco plastid genes and C. reflexa DNA than there was to the gfp gene which was used as a negative control (Fig. 4) . Table 1 . Estimated sizes (kbp) of the plastid genome from five species of Cuscuta and Convolvulus arvensis DNA was isolated from each species, blotted onto membrane and then challenged with cloned BamHI plastid DNA fragments from tobacco (nomenclature based on that of Suguira et al., 1986) . The size of hybridizing bands to each BamHI fragment was estimated, and is expressed as a percentage of the size of each region in tobacco. The total size of each BamHI fragment and the relative sizes of homologous fragments in Convolvulus arvensis and the five species of Cuscuta are shown.
BamH1 fragment and size (kbp)
C. arvensis (% tobacco) Fig. 3 . Proposed size and structure of plastid DNA molecules in Convolvulus arvensis, and five species of Cuscuta. The total size of each plastome was estimated from combining the band sizes obtained on each DNA blot. The sizes of each part of the plastome were estimated taking into account the position of each probe in the tobacco plastome. IR, inverted repeat; SSC, small single copy region, LSC, large single copy region.
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To investigate whether genes that are normally located on plastid DNA have transferred to, and are transcribed in the nucleus of these Cuscuta species, RNA was extracted and cDNA made using poly dT primers in the presence of radiolabelled dATP. This radiolabelled cDNA from C. arvensis (as a control), C. reflexa, and C. australis was incubated with dot blots and showed that for the nonparasitic plant C. arvensis the only hybridization was with the LhcB gene (located in the nucleus in all plants so far studied). However, with C. reflexa there was hybridization to eight genes and with C. australis there was hybridization to nine genes from the tobacco plastid genome. Because this cDNA was made using poly dT primers that will hybridize to the polyA tail of RNAs made in the nucleus, these results may provide evidence that regions of plastid DNA have transferred from the plastid to the nucleus, and are actively transcribed there.
Chlorophyll content and photosynthetic parameters in dodders
Chlorophyll content and photosynthesis were investigated for each Cuscuta species to determine whether photosynthetic competence correlated with phylogenetic position.
Chlorophyll content of the dodders varied along the length of the filament, but was maximal at the growing tip (data not shown), and so the most apical 5 cm was used for this analysis. Between species, there were clear variations in chlorophyll content (Fig. 5A) . All of the species had significantly less chlorophyll than stems of Convolvulus arvensis (400 lg chl g ÿ1 FW), and C. reflexa, C. lupuliformis, C. monogyna, and C. gronovii contained the most chlorophyll. However, when related to phylogenetic position as determined from the molecular phylogeny, there was no clear evidence that species within the more slowly evolving clades possessed higher levels of chlorophyll than those in clades evolving more quickly (Fig. 5A) .
Pulse-modulated chlorophyll fluorescence was used to investigate the photosynthetic competence of these dodders. F v /F m varied significantly within the 15 species, but again this did not correlate clearly with phylogenetic position (Fig. 5B ). Infrared gas analysis was also used to investigate the effect of increasing light intensity on CO 2 exchange rates in each of the Cuscuta species. The rate of CO 2 fixation never exceeded the rate of CO 2 evolution from respiration, and so the compensation point was never achieved. In the light, the rate of respiration was reduced Fig. 4 . Dot blots used to identify the presence of homologous DNA in Cuscuta reflexa for 101 plastid genes from tobacco, and the presence of plastid genes that may have transferred to the nucleus and are transcribed there. The table under the dot blots shows the organization of probes. Tubulin and green fluorescent protein were used as positive and negative controls, respectively. Rows A-J show probes used to determine the presence of plastid genes in total cellular DNA isolated from C. reflexa. All gene abbreviations conform to those used by Shimada and Suguira (1991) . Rows K and L show genes that in tobacco are plastid located, but in C. reflexa, and in C. australis were detected after cDNA was produced from poly-dT primers in the presence of radiolabelled dATP, and therefore may have transferred to the nucleus and be transcribed there.
by between 0.9 and 3.7 lmol CO 2 m ÿ2 s ÿ1 indicating that there were clear differences in photosynthetic ability between species (Fig. 5C ). This variation in the apparent ability to incorporate CO 2 did not correlate clearly with phylogenetic position (Fig. 5C ).
Discussion
Molecular phylogeny of 15 Cuscuta species
Cuscuta has previously been split into three subgenera: subgenus Cuscuta, subgenus Grammica, and subgenus Monogyna (Yuncker, 1932) , and evidence for the monophyletic nature of each of these three subgenera has been provided more recently (Stefanovic et al., 2002) . This analysis supports the presence of these three subgenera, although it appears that Grammica can be divided into two clades, one containing C. australis, C. epithymum, C. indecora, and C. epilinum and the other containing C. chinesis, C. pentagona, C. cephalanthi, C. gronovii, and C. compacta. The Australis clade contains taxa that were previously classified as being within the Grammica and Cuscuta subgenera (Yuncker, 1932) . Thus Grammica and Cuscuta (according to Yuncker) are paraphyletic.
The molecular phylogeny proposed groups C. palaestina, C. europaea, and C. planiflora in one clade (equating to subgenus Cuscuta) and indicates that C. lupuliformis, C. reflexa, and C. monogyna form a weakly supported clade, agreeing with their proposed position within the subgenus Monogyna (Yunker, 1932; Stefanovic et al., 2002) . However, contrary to the Yuncker phylogeny which positions both C. australis and C. indecora in the Grammica subgenus (with the group containing C. compacta in Fig. 1 ) these data indicate that C. australis is sister to C. epithymum and forms a separate clade with C. epilinum and C. indecora. This analysis provides a phylogenetic framework upon which to investigate loss of photosynthesis and changes in structure of the plastid genome within these 15 species of Cuscuta. . (B) F v /F m calculated using pulse-modulated chlorophyll fluorescence in the 15 species of Cuscuta. (C) Net rate of CO 2 exchange (a measure of photosynthetic capacity) in the 15 different species of Cuscuta. C. mo, C. monogyna; C. re, C. reflexa; C. lu, C. lupuliformis; C. pl, C. planiflora; C. eu, C. europaea; C. pa, C. palaestina; C. co, C. compacta; C. gr, C. gronovii; C. ce= C. cephalanthi; C. pe, C. pentagona; C. ch, C. chinesis; C. epil, C. epilinum; C. in, C. indecora; C. epit, C. epithymum; C. au, C. australis.
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Alterations to amino acids within the large subunit of Rubisco
In the process of generating the molecular phylogeny, part of the rbcL coding region was sequenced. This information was used to infer the amino acid sequence of the large subunit of Rubisco (LSU) for each species of Cuscuta. Chase et al. (1993) analysed the amino acid composition of the Rubisco LSU from 499 species of land plant. Our analysis indicated that in the 15 Cuscuta species, there were no changes to amino acids in the Rubsico active site. However, in other parts of the protein alterations were detected that have not previously been reported, and these have been termed unique amino acid changes. The greatest number of unique amino acid changes was 11 in C. indecora, whereas only one was found in both C. lupuliformis and C. reflexa. The sequence of the rbcL transcript has been analysed in C. reflexa, and an additional region of 53-69 bp in the 39-UTR reported, which was proposed to reduce stability of the rbcL transcript and therefore influence abundance of the protein (Haberhausen et al., 1992) . No evidence was found for species with more amino acid substitutions possessing lower rates of photosynthesis (data not shown).
Size and gene content of the Cuscuta plastid genomes DNA blot analysis using tobacco plastid DNA probes allowed the size of plastid genomes in Convolvulus arvensis and five Cuscuta species to be estimated. Interestingly, in C. arvensis, a non-parasitic species closely related to Cuscuta (Stefanovic et al., 2002) , the plastome was estimated to be 186 kbp in size, 30 kbp larger than that of tobacco . However, 186 kbp is not an unusually large chloroplast genome for photosynthetic land plants (Palmer, 1985) .
The size of the plastid genome of each Cuscuta species was smaller than those of C. arvensis and tobacco. These plastomes were estimated to range from 52% to 78% the size of that in tobacco. However, because C. arvensis is more closely related to Cuscuta and appears to have a larger plastid genome than tobacco, the Cuscuta species have probably lost a greater proportion of their plastid DNA than estimates based on comparison directly with tobacco. Hybridization between probes from each major region of the plastid DNA molecule (LSC, SSC, and IR) was detected, and this agrees with previous analysis of plastid DNA in autotrophic and parasitic plants (Palmer, 1985; Wolfe et al., 1992; Haberhausen et al., 1992) . Berg et al. (2003) showed by immobilizing the entire tobacco plastome as BamHI fragments onto nylon membrane, and then challenging these with radiolabelled DNA from Cuscuta species, that C. reflexa (which contains chlorophyll) possesses a larger plastome than C. odorata (which does not possess chlorophyll). However, because the DNA from the dodders was not size-fractionated by electrophoresis, it was not possible to obtain quantitative estimates of plastome sizes (Berg et al., 2003) .
Fragments from the inverted repeat have been cloned and sequenced from C. reflexa, and the junction between IR A and the LSC of plastid DNA is present (Bommer et al., 1993) . In addition, in E. virginana, the parasitic plant with the smallest plastome, the inverted repeat still exists (dePamphlis and Palmer, 1990) . It was therefore assumed that the plastid genomes of all five Cuscuta species examined possess inverted repeats, and we tentatively propose the structure of each plastid genome. This analysis indicates that these plastomes have lost fragments of similar sizes, for example, the LSC region is reduced to either 58 kbp or 44 kbp, while the small single copy region is reduced to either 14 kbp or 5 kbp. Interestingly, the estimate for the size of the SSC region in C. reflexa, and C. epilinum of 5 kbp is the same as that determined for E. virginiana (Wolfe et al., 1992) . This may indicate that the SSC has been reduced to the smallest stable size in both Epifagus and some species of Cuscuta.
Although DNA blot analysis indicated that relatively large regions of the Cuscuta plastome have been lost, dot blots showed that homologous DNA to most genes present in the plastome of tobacco are present in Cuscuta. Previous work has reported a small number of plastid genes in C. reflexa, for example, a 6 kbp region of plastid DNA has been cloned, and contains petG, trnV, trnM, atpE, and atpB (Haberhausen et al., 1992) . It has also been shown that transcripts for 15 chloroplast genes are found in C. reflexa (Berg et al., 2003) . DNA homologous to photosynthesis genes in C. reflexa was detected, but transfer RNA genes were not present on the dot blot. Previously it has been reported that ndhB is a pseudogene in C. reflexa, and the other members of this family are not detectable (Haberhausen and Zetsche, 1994) . However, in C. reflexa, an homologous DNA sequence to all the tobacco ndh genes was detected; this may be due to differences between the stringency of the hybridization conditions used. In C. subinclosa, there is evidence that rbcL has been lost completely (Van der Kooij et al., 2000) , and in C. odorata, the only photosynthesis gene to remain in the plastome is psbA (Berg et al., 2003) . No evidence was found for the absence of these genes in the five species analysed.
It is possible that the presence of homologous sequences to all the tobacco plastid genes in C. reflexa is due to transfer and integration of genes from the plastid into the nucleus. There is good evidence that genetic material from the plastid genome is able to transfer to the nucleus at significant rates (Martin et al., 1998 (Martin et al., , 2002 Millen et al., 2001; Huang et al., 2003) . While RNA produced from nuclear genes is polyadenylated, in chloroplasts this only occurs to a small proportion of messages prior to degradation (Hayes et al., 1999) . Therefore cDNA was produced from total RNA of C. reflexa and C. australis using poly-dT primers, and it was assumed that cDNA produced in this way would represent nuclear transcripts. Using this approach, transcripts with polyA tails were detected for the following genes that are normally resident in the plastid: rps14, rps7, orf131, atpA, atpF, psaB, and rpl36, as well as some ribosomal RNA genes. While it is known that the rrn16 gene is highly expressed in C. reflexa, and it is therefore possible that a proportion of its transcripts are targeted for degradation via the addition of a polyA tail (Hayes et al., 1999) , photosynthesis genes are not highly expressed (Berg et al., 2003) . It is therefore proposed that the most likely reason for a significant proportion of these other transcripts being polyadenylated is that the genes have transferred to the nucleus and are transcribed there. This possibility needs to be tested rigorously. These genes were not detected using the same procedure with the closely related but photosynthetic and non-parasitic species C. arvensis. It is proposed that in Cuscuta faster rates of DNA movement from plastid genome to nucleus is possible because there is less need for plastid-based redox signalling between the photosynthetic apparatus and the plastid genome. This is thought to be the reason for the retention of photosynthesis genes in the plastid genome of higher plants (Pfannschmidt et al., 1999) .
Randomized loss of photosynthetic ability amongst the 15 species of Cuscuta
The loss of chlorophyll and alterations to photosynthetic ability in the different species of Cuscuta was mapped onto their phylogenetic position to test the hypothesis that photosynthesis has been lost to a greater extent in the most rapidly evolving clade. However, these data provided no support for this hypothesis, and it appears that selection pressure which maintains functional photosynthetic apparatus is reduced randomly across the 15 species analysed. In fact, there appears to be a relatively unco-ordinated loss of photosynthetic ability amongst these 15 species of Cuscuta, as F v /F m , and the maximum rate at which CO 2 was incorporated did not correlate with the amount of chlorophyll amongst the different species. It is entirely possible, because a relatively small proportion of the genus (;10%) has been sampled, that studying the entire genus may reveal clear relationships between plastome size, organization, and phylogenetic position.
Overall, this study's analysis indicates that loss of photosynthesis and alterations in the structure of the plastid genome, are occurring in an unco-ordinated manner within Cuscuta, and that there may be an enhanced flux of DNA from plastid to nucleus.
